Human APOBEC3G exhibits anti-human immunodeficiency virus-1 (HIV-1) activity by deaminating cytidines of the minus strand of HIV-1. Here, we report a solution structure of the C-terminal deaminase domain of wild-type APOBEC3G. The interaction with DNA was examined. Many differences in the interaction were found between the wild type and recently studied mutant APOBEC3Gs. The position of the substrate cytidine, together with that of a DNA chain, in the complex, was deduced. Interestingly, the deamination reaction of APOBEC3G was successfully monitored using NMR signals in real time. Real-time monitoring has revealed that the third cytidine of the d(CCCA) segment is deaminated at an early stage and that then the second one is deaminated at a late stage, the first one not being deaminated at all. This indicates that the deamination is carried out in a strict 3 0 -5 0 order. Virus infectivity factor (Vif) of HIV-1 counteracts the anti-HIV-1 activity of APOBEC3G. The structure of the N-terminal domain of APOBEC3G, with which Vif interacts, was constructed with homology modelling. The structure implies the mechanism of species-specific sensitivity of APOBEC3G to Vif action.
Introduction
The apolipoprotein B messenger RNA-editing enzyme catalytic polypeptide (APOBEC)/activation-induced cytidine deaminase (AID) proteins are found in vertebrates and share the ability to mutate either DNA or RNA by deaminating cytidine to uridine (Rogozin et al, 2007) . The APOPBEC1 deaminates and edits apolipoprotein B pre-mRNA (Navaratnam et al, 1993; Teng et al, 1993) . AID deaminates immunoglobulin gene DNA, which is essential for the antigen-driven diversification of already rearranged immunoglobulin genes in the vertebrate adaptive immune system (Muramatsu et al, 1999) . Human APOPBEC3G is expressed in spleen, testes, ovary and blood leukocytes, such as T lymphocytes and macrophages. APOBEC3G deaminates and modifies the newly synthesized cDNA minus strand of retroviruses such as the human immunodeficiency virus-1 (HIV-1) (Sheehy et al, 2002; Harris et al, 2003; Lecossier et al, 2003; Mangeat et al, 2003; Zhang et al, 2003; Beale et al, 2004; Greene, 2004; Harris and Liddament, 2004; Suspene et al, 2004; Yu et al, 2004; Esnault et al, 2005; Chelico et al, 2006) . The modifications are supposed to induce degradation of the minus strand through action of uracil DNA glycosylase and apurinic-apyrimidinic endonuclease or the generation of G to A mutations upon synthesis of the plus strand, which may eliminate HIV-1 infectivity for virus infectivity factor (Vif)-deficient strains (Sheehy et al, 2002; Harris et al, 2003; Lecossier et al, 2003; Mangeat et al, 2003; Greene, 2004; Harris and Liddament, 2004; Esnault et al, 2005) . Vif targets APOBEC3G for ubiquitination and proteasomal degradation, and thus abolishes the antiviral activity of APOBEC3G (Conticello et al, 2003; Marin et al, 2003; Yu et al, 2003; Mehle et al, 2004; Kobayashi et al, 2005) .
In spite of the great attention to the APOBEC/AID protein family, the structural knowledge on this family is quite limited. The structure of APOBEC2 was reported last year (Prochnow et al, 2007) , but APOBEC2 does not possess enzymatic activity. APOBEC3G is composed of 384 residues and possesses two consensus cytidine deaminase motifs of the zinc-finger type, His-X-Glu-X 27-28 -Pro-Cys-X 2 -Cys, in its N-and C-terminal domains (Harris and Liddament, 2004) . It is known that the C-terminal deaminase domain is catalytically active, whereas the N-terminal one is not (Navarro et al, 2005) . Recently, the solution structure of a mutant C-terminal deaminase domain, residues 198-384, was reported . To increase the solubility, mutation of five residues of the C-terminal domain was performed. Here, we present the solution structure of the wild-type C-terminal deaminase domain, residues 193-384, which possesses no mutation. Some difference in structure was found between the wild type and mutant deaminase domains of APOBEC3G. The mode of interaction with single-stranded DNA (ssDNA) was characterized by chemical shift perturbation analysis. Although the wild-type and mutant APOBEC3Gs share several features of the interactions, many differences in the interaction were also identified between them. The differences were supposed to be partly due to the introduction of the mutations themselves. The position of a substrate cytidine, and the position and polarity of an ssDNA chain in the complex were deduced from the results of analysis of the interaction. Very recently, the crystal structure of the C-terminal deaminase domain of APOBEC3G has been reported (Holden et al, 2008) . The relation between our and their findings is also discussed.
Moreover, we succeeded for the first time in monitoring the deamination reaction in real-time using NMR signals. This method enabled us to address the dynamical aspects of the deamination reaction by APOBEC3G. Deamination in a very strict 3 0 -5 0 order was detected for consecutive cytidine residues of ssDNA.
The N-terminal domain of APOBEC3G is required for encapsidation of APOBEC3G into virion (Cen et al, 2004; Harris and Liddament, 2004) . It is also known that Vif of HIV-1 interacts with the N-terminal domain of APOBEC3G (Conticello et al, 2003; Harris and Liddament, 2004) . The structure of the N-terminal domain has not been reported. The N-and C-terminal domains of APOBEC3G exhibit sequence homology. So, the structure of the N-terminal domain is constructed with homology modelling on the basis of the structure of the wild-type C-terminal domain. The constructed structure suggests the origin of species-specific sensitivity of APOBEC3G to Vif action. Figure 1A shows SDS-polyacrylamide gel electrophoresis of the purified deaminase domain of wild-type APOBEC3G. The purity was estimated to be over 99%. Figure 1B shows the 1 H-15 N HSQC spectrum of the deaminase domain of wildtype APOBEC3G. The HSQC peaks are sharp and well dispersed, which guarantees that the sample prepared with our procedure possesses the native structure, not being in an aggregated state, and is suitable for structure determination. Thus, it was found that wild-type APOBEC3G, instead of the mutant, could be used for the structure determination.
Results

Structure of the wild-type deaminase domain of APOBEC3G
The structure of wild-type APOBEC3G was calculated on the basis of distance and dihedral angle constraints. The structure statistics are presented in Table I . The average pairwise r.m.s.d. between the 10 final structures as to the backbone atoms of the all secondary elements was 0.55 ± 0.110 Å . Figure 1C and D shows the structures of wild-type APOBEC3G. Wild-type APOBEC3G is composed of five b-strands, b1-b5, and five a-helices, a1-a5, which are arranged in the order of b1-b2/b2 0 -a1-b3-a2-b4-a3-b5-a4-a5. The second b-strand is interrupted and divided into two short b-strands, b2 and b2 0 . In Figure 2 , the structure of the wild-type APOBEC3G determined in solution by NMR (this study) is compared with the structure of the mutant carrying five substituted residues determined in solution by NMR , and also with the structure of the wild type determined for crystal by X-ray (Holden et al, 2008) . The three structures are mostly similar to each other. An extra a-helical element, a0 (P199-F204), is formed for the wild type in solution (Figure 2A ), but not for the mutant in solution ( Figure 2B ). The formation of a0 for the wild type in solution was (Wishart and Sykes, 1994) or TALOS (Cornilescu et al, 1999) . a0 (P199-F206) is also present for the wild type in crystal ( Figure 2C ). The wild type is composed of either L193-N384 (this study) or M197-Q380 (Holden et al, 2008) , and the mutant of D198-N384. The lack of a0 in the mutant may be due to the lack of several N-terminal residues. Because of the lack of long-range NOEs involving a0, the relative position of a0 as to the rest of APOBEC3G was poorly determined ( Figure 1C ). Therefore, it is hard to discuss the difference in the relative position of a0 between the wild-type APOPBEC3Gs in solution and crystal. The second b-strand is interrupted and divided into two short b-strands for both the wild type and mutant in solution (Figure 2A and B) . The second b-strand of the wild type in crystal is not divided but continuous, although a bulge exists in this b-strand ( Figure 2C ). Typical NOEs expected for a b-strand structure were not detected for the interrupted region. The secondary structure identification on the basis of chemical shifts of C a , C b , C 0 , N and H a also suggests the interruption at the central 3-5 residues of the second b-strand, although a b-strand-like structure is implied for the other region of the strand. Thus, it is not likely that the continuous b-strand is stably formed in solution.
The mutation of either F202 or T203 of a0 to Ala causes the decrease of the activity of APOBEC3G (Supplementary data of Chen et al, 2008) . Similarly, the mutation of W232, V233, L235, F241 or L242 of b2 to Lys and that of either W232, V233, L235 or L242 of b2 to Ala cause the decrease of the activity of APOBEC3G (Supplementary data of Chen et al, 2008) . Therefore, the structural differences detected for a0 and b2 may have some functional relevance.
Binding of the wild-type deaminase domain to a ssDNA, as revealed by a gel retardation experiment It was reported that minus strand deamination by APOBEC3G occurs preferentially at a CCCA sequence (Yu et al, 2004) . 10-mer DNA, d(ATTCCCAATT), contains the CCCA sequence in the middle. Binding of the deaminase domain of the wild-type APOBEC3G to a short single-stranded 10-mer DNA was revealed by gel retardation experiments (Figure 3 ). To our best knowledge, this is the first demonstration by a gel retardation experiment that the deaminase domain can bind to a short ssDNA of only 10 residues, although the binding of full-length APOPBEC3G to another 10-mer DNA was demonstrated on the basis of the change in steady-state fluorescence These calculations included residues 221-228, 231-232, 240-242, 258-269, 276-283, 291-300, 305-311, 322-331, 333-338, 340-350 and 364-379 . . Thus, the affinity of the wild type to 10-mer DNA is comparable or slightly higher than that of the mutant to 21-mer DNA. Therefore, 10-mer DNA was used for further analysis of the interaction using the chemical shift perturbation method.
The differences in the interaction of the deaminase domain with ssDNA between the wild-type and mutant APOBEC3Gs, as revealed by chemical shift perturbation Figure 4A and C shows the chemical shift perturbations for the deaminase domain of the wild-type APOBEC3G on binding of ssDNA, d(ATTCCCAATT). For comparison, Figure 4B shows the chemical shift perturbations reported for the mutant deaminase domain on binding of 21-mer ssDNA . In general, perturbations detected for the wild-type APOBEC3G:10-mer DNA complex were larger than those for the mutant APOBEC3G:21-mer DNA complex: the maximum perturbation for the mutant was 0.03 p.p.m., whereas six residues exhibited perturbation of greater than 0.03 p.p.m. for the wild type. The larger perturbations could be partly due to the higher oligonucleotide ratio to APOBEC3G (an APOBEC3G:DNA ratio is 1:10 for our case, whereas the ratio is 1:4 for Chen et al) and/or the use of the wild-type APOBEC3G. It is expected that the mode of the interaction may be deduced more precisely with the pronounced perturbation data obtained here.
It is known that E259 is a catalytic residue for the deamination reaction (Mangeat et al, 2003; Shindo et al, 2003; Navarro et al, 2005) . Chemical shift perturbation, including a decrease in the intensity of a correlation peak, was detected for residues surrounding E259. Perturbations were seen for the residues of the loop between a0 and b1 (an a0-b1 loop) (N208 and R215), those of a b2 0 -a1 loop (C243, A246, E254, R256 and H257), those of a1 (L260, C261, F262, L263, V265 and I266), those of b4 (V305 and S306), those of a b4-a3 loop (D316 and G319), that of b5 (I337), that of a4 (D348) and those of an a4-a5 loop (V351, D352 and D362) ( Figure 4A ). Similar perturbations were observed for the mutant APOBEC3G for the same segments ( Figure 4B ). On the other hand, the perturbations observed for the following segments are specific to the wild type, not being observed for the mutant: a b2-b2 0 loop (R238), b2 0 (G240 and L242), an a1-b3 loop (L271, D272, D274 and Q275), b3 (R278), a b3-a2 loop (T283 and S284) and the N-terminal region including a0 (S196, D198 and F204) ( Figure 4A ).
Differences in chemical shift perturbation between the wild-type and mutant APOBEC3Gs may partly be attributed to the mutations themselves. Perturbations for R238, G240, L242 and C243 were observed for the wild type, but not for the mutant ( Figure 4A and B). These residues are close to C243, so the mutation of Cys243 to Ala may be responsible for the decrease in the perturbations for the mutant. Similarly, perturbations for G319 and Q322 were exclusively observed for the wild type ( Figure 4A and B). The mutation of close Cys321 to Ala may be responsible for the decrease in the perturbations for the mutant. Moreover, perturbations were observed for the residues of a0 and those close to a0 for the wild type, whereas perturbations were not observed for the corresponding N-terminal region of the mutant ( Figure 4A and B). As described previously, the mutation of either F202 or T203 of a0 causes the decrease of the activity of APOBEC3G. So, the interaction involving a0 may be meaningful. From these points of view, it is critical to have perturbation data on the wild-type APOBEC3G to deduce the interaction correctly. Figure 5A shows the pyrimidine (either cytidine or uridine residues) H5-C5 region of the 1 H-13 C HSQC spectrum of 10-mer DNA, d(A1T2T3C4C5C6A7A8T9T10). Three peaks corresponding to the C4, C5 and C6 residues of 10-mer DNA can be seen. It should be noted that the intensity of the left peak is two times greater than that of the right peak, and that the two signals overlap on the left peak. Figure 5B shows the same region of the 10-mer DNA obtained 24 h after the addition of the wild-type deaminase domain to the NMR tube, the molar ratio of DNA 10-mer:deaminase domain being 10:1. Two new peaks have appeared in Figure 5B , whereas one peak remains at the original position. The 13 C chemical shift values of the two new peaks imply that these peaks originate from uridine residues. This suggests that the deamination reaction occurred in the NMR tube.
Occurrence of the deamination reaction in an NMR tube
It was reported that 5 0 -CC-3 0 is the consensus sequence for deamination by APOBEC3G, where C is the site of the deamination (Beale et al, 2004) . Therefore, there are three possible patterns of deamination for the C4C5C6 segment of 10-mer DNA, C4C5U6, C4U5C6 and C4U5U6. It was also reported that the third cytidine of the CCCA sequence, Figure 3 Gel retardation experiments indicating binding of the wild-type deaminase domain to a short ssDNA comprising 10 residues.
32 P-labelled 10-mer DNA (200 nM), d(ATTCCCAATT), was incubated with 0, 40 and 80 mM of the deaminase domain of the wild-type APOBEC3G (lanes 1-3) . The mixtures were run on a polyacrylamide gel and then exposed.
underlined, is preferably deaminated by APOBEC3G (Yu et al, 2004; Chelico et al, 2006) and that the second cytidine is also deaminated to some extent (Chelico et al, 2006) . To confirm the occurrence of the deamination, HSQC spectra of three mutant 10-mer DNAs in which the C4C5C6 segment was mutated to either C4C5U6, C4U5U6 or C4U5C6 were recorded for reference ( Figure 5C -E). Then, it was found that the HSQC spectrum obtained 24 h after the addition of the wild-type deaminase domain ( Figure 5B ) was the same as that of the mutant 10-mer DNA with the C4U5U6 segment ( Figure 5D ). This clearly demonstrates that the deamination reaction by the wild-type deaminase domain actually occurred for C5 and C6 residues in the NMR tube.
Assignment of the H5-C5 correlation peaks for the U6 and U5 residues was performed in a straightforward way from the spectra of the mutant 10-mer DNAs with the C4C5U6 and C4U5C6 segments, respectively ( Figure 5C and E), together with those for the C4, C5 and C6 residues. The assignments made are indicated in Figure 5 .
Strictly regulated deamination of consecutive cytidine residues in a 3
0 -5 0 order, as revealed by real-time monitoring of the reaction using NMR signals Figure 6A -E shows the time chase of the 1 H NMR spectra of 10-mer DNA after the addition of the wild-type deaminase domain. For reference, 1 H NMR spectra of the three mutant 10-mer DNAs are also shown with the H5 assignments of the U5 and U6 residues. The H5 peak of the U6 residue is present in the spectrum recorded 30 min after the addition of the deaminase domain ( Figure 6B ). Generally, the H5 peak of a uridine residue is a doublet due to a 3 J H5H6 coupling. The intensity is comparable to that seen in the spectrum recorded 24 h after the addition. This indicates that the conversion of a C6 residue to a U6 residue through deamination by the wildtype deaminase domain has been almost completely accomplished within 30 min. The intensity of the H5 peak of the U5 residue is very weak in Figure 6B , but the intensity gradually increases ( Figure 6C ), becomes roughly half of the final intensity level in 4.5 h ( Figure 6D ), and finally reaches the same level as that of the U6 residue ( Figure 6E ). These results indicate that deamination occurs almost exclusively for the C6 residue at an early stage and that then deamination occurs for the C5 residue with a much slower reaction rate. Not only the C6 residue but also the C5 one is fully converted to a uridine residue at the end of the reaction. This is the first report that a strictly regulated deaminase reaction of consecutive cytidine residues in a 3 0 -5 0 order can be directly monitored in real-time using NMR signals.
It was noted that the H5 peak of the U6 residue is a doublet at an early stage ( Figure 6B ), next becomes a triplet at a middle stage ( Figure 6D ) and finally becomes a doublet again ( Figure 6E ). It was found that the H5 doublet of the U6 residue of the C4U5U6 segment appears slightly in a downfield region compared with that of the C4C5U6 segment: the position of the right half of the former doublet almost coincides with that of the left half of the latter doublet. Therefore, the H5 peak of the U6 residue becomes a triplet when roughly half of the C5 residue has been converted to U5 in the course of the reaction ( Figure 6D ).
The structure of the N-terminal domain of APOBEC3G constructed on the basis of the structure of the C-terminal domain The N-and C-terminal domains of human APOBEC3G exhibit the sequence homology, the sequence identity and similarity being 36 and 54%, respectively. So, the structure of the N-terminal domain of human APOBEC3G (residues 10-192) was constructed with homology modelling on the basis of the structure of the C-terminal wild-type deaminase domain of human APOBEC3G (Figure 7A ), using the program MODELLER 9v3 (Marti-Renom et al, 2000) . To address the origin of species-specific sensitivity of APOBEC3G to Vif action, which is discussed below, the structure of the N-terminal domain of APOBEC3G of African green monkey (AGM) (residues 10-192) is also constructed in the same way ( Figure 7B ). The sequence identity and similarity between the N-terminal domain of AGM APOBEC3G and the C-terminal domain of human APOBEC3G are 38 and 53%, respectively. As discussed below, the residue at the position 128 governs the species-specific sensitivity of APOBEC3G to Vif action, and is indicated in Figure 7A and B. Surface potentials of the N-terminal domains of human and AGM APOBEC3Gs are shown in Figure 7C and D, respectively, the residue at the position 128 being indicated with a circle. D128 of human APOBEC3G and K128 of AGM APOBEC3G locate at the surface, which is suitable for these residues to interact with Vif.
Discussion
We found that the deamination reaction occurs in an NMR tube during a titration experiment and that the pH value of the solution in the NMR tube increases, probably due to the release of NH 3 as a result of the reaction (Harris and Liddament, 2004) . The H N and N chemical shift values of some residues were sensitive to the change in pH. In particular, we noticed that the chemical shift values of His residues and residues close to the His residues were sensitive to the pH change. Therefore, at the end of the titration, we adjusted the pH of the protein-DNA complex solution to that of the initial protein alone solution. After the adjustment, the HSQC spectrum of the complex was recorded and the chemical shift values of the complex were obtained. It should be noted that if the adjustment is not carried out, false perturbations originating from the pH change, which do not reflect the interaction with DNA, would be mixed up. For example, although H345 exhibited an apparent chemical shift perturbation of greater than 0.02 p.p.m., the perturbation diminished after adjustment of the pH. Perturbation was reported for H345 of the mutant APOBEC3G . There is a possibility that this perturbation may have originated just from the pH change. In this sense, our perturbation data are supposed to be more adequate for accurately characterizing the interaction.
It was reported that APOBEC3G binds to any kind of ssDNA of larger than 9 nt with essentially the same affinity even in the absence of a cytidine (Chelico et al, 2006) . Therefore, binding of the deaminase domain to 10-mer DNA can be expected even after the complete conversion of cytidines to uridines through deamination in an NMR tube. Thus, the interaction of the deaminase domain with 10-mer DNA can be examined with our method.
Among perturbations observed for various residues, the following are of particular interest. First, intensive perturba- Figure 5 1 H-13 C HSQC spectra indicating cytidine to uridine conversion for 10-mer DNA through the deamination reaction in an NMR tube. The pyrimidine (either cytidine or uridine residues) H5-C5 region of the 1 H-13 C HSQC spectrum of 10-mer DNA, d(ATTCCCAATT) (A), and that recorded 24 h after the addition of the wild-type deaminase domain to the NMR tube (B). The same regions of mutant 10-mer DNAs with the C4C5U6 (C), C4U5U6 (D) and C4U5C6 (E) segments, respectively, for reference. tions were observed for the following residues that are located close to the catalytic residue, E259; E254, R256, H257, L260, C261, F262 and L263 ( Figure 4A ). This implies that the substrate cytidine residue is positioned close to the catalytic residue in the APOBEC3G:ssDNA complex. In the crystal structures of Escherichia coli and mouse cytidine deaminases, a substrate cytidine is located close to the zinc-coordinating His residue (Xiang et al, 1997; Teh et al, 2006) . On the basis of these structures, an APOBEC3G:ssDNA complex model was proposed in which the substrate cytidine is positioned close to the zinc-coordinating H257 residue . The perturbation observed for H257 of the wild type is consistent with this model. On the other hand, for the mutant, although perturbation was observed for E259, intensive perturbations for the residues around E259, including H257, were not seen ( Figure 4B ), which does not fit the model.
The S284-W285-S286 motif is conserved among DNA deaminases including APOBEC3G (Rogozin et al, 2007) . Perturbations were observed for T283 and S284 for the wild type ( Figure 4A ). This implies that the substrate cytidine residue is positioned close to the conserved residues. In the proposed model mentioned above, W285 is located close to the substrate cytidine . The perturbation data for the wild type are consistent with this model. On the other hand, for the mutant, perturbation was not observed for the residues located close to the conserved residues ( Figure 4B ), which does not fit the model.
The surface potential of the wild-type deaminase domain is presented at the right of Figure 4C . The residues mentioned above, that is, those positioned close to E259 and S284-W285-S286, are located in a positively charged area, which is suitable for negatively charged ssDNA to interact with these residues. The chemical shift perturbation data and electrostatic features strongly suggest that this area is a key interactive region. A close-up of this area is shown in Figure 4D . The substrate cytidine is supposed to be positioned close to catalytic E259, conserved S284-W285-S286, and zinc-coordinating H257, as indicated by the dashed circle.
The position and polarity of the main chain of ssDNA in the complex with the deaminase domain were proposed on the basis of the results of analysis of the mutant APOBEC3G , as shown to the right of Figure 4E by a dashed vertical line in black. The model was constructed to have a similar main chain trace to that observed in the adenosine deaminase TadA:RNA complex (Losey et al, 2006) . The main chain of ssDNA is located close to the area composed of the C-terminal regions of b3, b4 and b5, and the N-terminal regions of a1 and a2. The 3 0 region of the main chain takes off and does not contact the deaminase domain.
Alternative model as to the position of the main chain of ssDNA has been proposed very recently (Holden et al, 2008) , as shown to the right of Figure 4E by a dashed kinked horizontal line in green. The model is constructed on the basis of the crystal structure and mutational data. It is suggested that two active centre (AC) loops, AC loops 1 and 3, are important for binding of DNA. AC loop 1 connects a0 and b1, and AC loop 3 does b2 0 and a1. For our solution structure, convergence is poor for these loops ( Figure 1C ). This may be due to either intrinsic flexibility of these loops or accidental lack of sufficient structural constraints for them. It is discussed that N244 and H257 of AC loop 3 are structurally conserved among crystals of Zn deaminases and may be involved in binding of the substrate cytidine (Holden et al,  2008) . We observed the perturbations on binding of DNA for 1 H NMR spectra of mutant 10-mer DNAs with the C4C5U6 (F), C4U5U6 (G) and C4U5C6 (H) segments, respectively, for reference. C243 and A246, which are located close to N244, and for H257 and neighbouring R256 ( Figure 4A ), which may be related to their suggestion. It was also discussed that D316 and D317 may be important for positioning the substrate so that the third cytidine of the CCC sequence is most likely to be deaminated. We observed the perturbation on binding of DNA for D316 ( Figure 4A ), which may be related to their suggestion.
The results of analysis of the wild-type APOBEC3G in solution suggest the third model shown at the left of Figure 4E . For the wild type in solution, large chemical shift perturbations were observed for L271, D272, D274, Q275 and K297, together with medium perturbations for V305 and S306, whereas these were not observed for the mutant ( Figure 4A and B) . These perturbation data suggest that in the complex with the wild-type deaminase, ssDNA may go along a1 and a2 and that one end of the main chain of ssDNA is located close to the area composed of the N-terminal regions of b3 and b4, and the C-terminal regions of a1 and a2, as shown at the left of Figure 4E . The mutation of L271 to Ala causes the decrease in the activity of APOBEC3G (Supplementary data of Chen et al, 2008) , which is consistent with our model in which L271 is supposed to mediate substrate contact. Nonetheless, it seems to us fair to say that at this moment we cannot select one of these possible positions on the basis of currently available information. We do not exclude the possibility that two or even three models are coexisting in solution.
It was found that deamination of ssDNA by APOBEC3G occurs preferentially at the CCCA sequence (Yu et al, 2004; Chelico et al, 2006) . The third cytidine residue, underlined, is converted to a uridine residue through deamination. Some deamination of the second cytidine residue was also detected after an extended reaction time, although experimental data for and detailed features of the deamination of the second cytidine residue, such as the reaction rate and yield, were not provided (Chelico et al, 2006) . Here, we have succeeded for the first time to monitor the deamination reaction in real-time by means of NMR signals. First, it was revealed by the NMR spectra that the second and third cytidine residues, C5 and C6, of the C4C5C6A7 sequence of 10-mer DNA are fully deaminated and converted to uridine residues, U5 and U6, 24 h after the addition of the wild-type deaminase domain, whereas the first cytidine residue, C4, is not deaminated at all ( Figure 5) . Second, the time course of the deamination reaction was monitored and chased in real-time using NMR signals. Then, it was revealed that the deamination of the third cytidine residue, C6, and the resultant appearance of the signal of the generated uridine residue, U6, occur at a very early stage of the time course, that is, within 30 min after the Figure 6B ). In contrast, it was found that the deamination of the second cytidine residue, C5, and the resultant appearance of the signal of the generated uridine residue, U5, occur at a very late stage of the time course. The reaction is accomplished between 4.5 and 24 h, probably around 10 h, after the start of the reaction (Figure 6B-E) . Virtually, it looks as if the deamination of the C5 residue starts after accomplishment of deamination of the C6 residue. Finally, both the C5 and C6 residues are fully deaminated and converted to uridine residues. Thus, the detailed time course of the deamination reaction of consecutive cytidine residues was visualized by means of NMR signals. The monitoring demonstrated that the deamination reaction occurs in a strict 3 0 -5 0 order. It was reported that when there are two CCCA sequences in one ssDNA, the deamination of the third cytidine residue by APOBEC3G occurs more frequently for the CCCA sequence located closer to the 5 0 end. On the basis of this finding, it was concluded that APOBEC3G exerts an effect on multiple CCCA sequences processively with 3 0 -5 0 directionality along ssDNA (Chelico et al, 2006) . What we found here is the order of the reaction within one CCCA sequence. Therefore, the two findings regard different phenomena but may be linked to each other in the sense of 3 0 -5 0 directionality/ order.
The method of real-time monitoring of the enzymatic reaction with NMR signals has been established in this work, and its usefulness to address the dynamical aspects of the reaction is demonstrated. This method can be further applied in future to study unique features of APOBEC3G such as 3 0 -5 0 directionality and processivity (Chelico et al, 2006) . This method could also be applied to other enzymatic systems.
A C-U conversion through deamination in the minus strand causes a G-A mutation in the plus strand. Deamination of the third cytidine of a CCCA sequence in the minus strand results in the generation of a TAGG sequence in the plus strand, which contains a stop codon, TAG. Deamination of both the second and third cytidines of the CCCA sequence in the minus strand results in the generation of a TAAG sequence in the plus strand, which contains another stop codon, TAA. It is supposed that the anti-HIV activity of APOBEC3G is partially due to the generation of the stop codon through deamination and the resultant premature termination of viral open reading frames (Yu et al, 2004) . APOBEC3G searches for the target sequence processively with 3 0 -5 0 directionality through sliding and jumping after accomplishment of the deamination at the first target sequence (Chelico et al, 2006) . Our results indicate that the deamination of the second cytidine residue of the CCCA sequence occurs at a rather later stage of the reaction time course. When the third cytidine residue of the CCCA sequence is already deaminated, further deamination of the second cytidine residue does not increase the number of stop codons, whereas deamination of the third cytidine residue of the other CCCA sequence does increase the number of stop codons. Therefore, it is reasonable that the deamination of the second cytidine residue of the CCCA sequence is carried out only at a later stage of the reaction time course in terms of the maximization of the anti-HIV activity of APOBEC3G through the generation of the stop codons.
Gag and nef initiation codons are mutated in 60 and 90% of Dvif hu-APOBEC3G þ reverse transcripts, respectively (Yu et al, 2004) . The ATG initiation codons of gag and nef are followed by a G, forming a ATGG sequence. The minus strand of ATGG is CCAT. To mutate the initiation codon, deamination should occur at the cytidine residue next to an adenosine residue, not at the other cytidine residue. The phenomenon that the cytidine residue closest to the adenosine residue is preferably deaminated among three cytidine residues of the CCCA sequence may have been selected during evolution to effectively mutate the initiation codon and to maximize the anti-HIV activity of APOBEC3G. APOBEC3G orthologues from several species are active against a broad range of retroviruses. For example, Vifdefective HIV-1 is blocked by APOPBEC3Gs from human, AGM and mouse (Mariani et al, 2003) . Anti-HIV-1 activity of human APOBEC3G is counteracted by Vif of HIV-1 (Conticello et al, 2003; Yu et al, 2003; Mehle et al, 2004; Kobayashi et al, 2005) . A far greater degree of specificity is found in the Vif sensitivity. For example, Vif of HIV-1 effectively counteracts human APOBEC3G but not APOBEC3G of AGM. Conversely, Vif of simian immunodeficiency virus (SIV) for AGM counteracts APOBEC3G of AGM but not human APOBEC3G (Mariani et al, 2003) . Then, it was found that a single amino acid at the position 128 of human and AGM APOBEC3Gs governs the species-specific sensitivity of these proteins to Vif-mediated inhibition (Mangeat et al, 2004) . The amino acid at the position 128 is Asp for human APOBEC3G and Lys for AGM APOBC3G, respectively.
It was demonstrated that human APOBEC3G D128K , in which Asp128 of human APOBEC3G was replaced by Lys, exhibited the same Vif sensitivity pattern as AGM APOBEC3G, as it became resistant to Vif of HIV-1, but was effectively blocked by Vif of SIV AGM . Conversely, AGM APOBEC3G K128D , in which Lys128 of AGM APOBEC3G was replaced by Asp, acquired the HIV-1 Vif susceptibility (Mangeat et al, 2004) . It was further demonstrated that the phenotype correlates with the ability of Vif to bind APOBEC3G and interfere with its incorporation into virion (Mangeat et al, 2004) .
The N-terminal domain of APOBEC3G is responsible for the binding to Vif (Conticello et al, 2003; Harris and Liddament, 2004) and the residue at the position 128 locates in this domain. The structures of the N-terminal domains of human and AGM APOBEC3Gs constructed with homology modelling have given the implication on the mechanism of species-specific sensitivity of APOBEC3G to Vif action. D128 of human APOBEC3G and K128 of AGM APOBEC3G are found to locate at the surface ( Figure 7A and B) , which would allow them to interact with Vif. It is noted that the surface potential is quite different around at the position 128 between human and AGM APOBEC3Gs, due to intrinsic difference in charge between Asp and Lys residues ( Figure 7C and D) . It is supposed that this difference in the surface potential is recognized by Vifs of either HIV-1 or SIV AGM , which results in the species-specific sensitivity of APOBEC3G to Vif action. When D128 of human APOBEC3G is replaced by a Lys residue, the surface potential around at the position 128 becomes more similar to that of AGM APOBEC3G (data not shown), which also supports our idea.
Materials and methods
Preparation of wild-type APOBEC3G and DNA oligomers DNA encoding the cytidine deaminase domain of wild-type APOBEC3G (193-384) was cloned into a pET15b expression vector with an N-terminal hexahistidine (His 6 )-affinity tag and a thrombin cleavage site (Novagen). E. coli BL21(DE3/RIL) cells (Stratagene) were transformed with the vector and grown in 1 l of M9 minimal medium containing 13 C-labelled D-glucose and 15 NH 4 Cl as the sole carbon and nitrogen sources, respectively, to an optical density at 600 nm of 0.6. Protein expression was induced with 1 mM IPTG at 371C, and the cultures were harvested 5 h after induction by centrifugation (3000 g) for 20 min at 41C. The cells were lysed by sonication in lysis buffer (20 mM Tris-HCl (pH 7.5) and 150 mM NaCl). The insoluble fraction was removed by centrifugation (16 000 g) for 20 min at 41C. The soluble fraction was loaded onto a Ni Sepharose resin column (GE Healthcare), washed with a solution comprising 20 mM Tris-HCl (pH 7.5), 500 mM NaCl, 30 mM imidazole and eluted with an imidazole gradient of 30-500 mM. The His 6 tag was cleaved using 50 U of thrombin protease (GE Healthcare) in 20 mM Tris-HCl (pH 7.5), 500 mM NaCl, 10 mM ZnCl 2 and 5 mM DTT at 251C overnight. After removal of thrombin with benzamidine-Sepharose resin (GE Healthcare), the solution was loaded onto a Ni Sepharose resin column again, washed with a solution comprising 20 mM Tris-HCl (pH 7.5), 500 mM NaCl, 30 mM imidazole, 10 mM ZnCl 2 and 5 mM DTT, and eluted with an imidazole gradient of 30-500 mM. The eluate was dialysed against the solution comprising 20 mM Tris-HCl (pH 7.5), 30 mM NaCl, 10 mM ZnCl 2 and 5 mM DTT. Finally, Tris was replaced by 2 H-labelled Tris using an ultrafiltration cartridge (Millipore). The concentration of wild-type APOBEC3G was 0.1-0.4 mM.
DNA oligomers, synthesized with a DNA synthesizer and purified by reverse-phase HPLC, were purchased (Nippon Seihun).
Gel retardation experiment
32 P-labelled DNA (200 nM), d(ATTCCCAATT), was incubated with various concentrations of APOBEC3G (40-80 mM) at 41C for 1 h in a 10 ml solution comprising 20 mM Tris (pH 7.5), 150 mM NaCl, 10 mM ZnCl 2 and 5 mM DTT. The mixtures were run on a 6% polyacrylamide gel containing 45 mM Tris-borate, 150 mM NaCl, 1 mM EDTA, and detected with BAS2000 (Fuji Film).
NMR spectroscopy
NMR spectra were recorded with Bruker DRX800, DRX600 and DRX500 spectrometers equipped with a cryoprobe with a Z-gradient. Sequential assignments of the main chain and side chain 1 H,
13
C and 15 N resonances of wild-type APOBEC3G were made in the standard way using triple-resonance NMR spectra (Clore and Gronenborn, 1994) , as reported for other proteins (Miyanoiri et al, 2003; Enokizono et al, 2005) . For the chemical shift perturbation experiment, a concentrated DNA solution was added step by step to the APOBEC3G solution up to the APOBEC3G:DNA ratio of 1:10, 1 H-15 N HSQC spectra being recorded at each step. For real-time monitoring of the cytidine deamination in an NMR tube, a concentrated DNA solution was added at one time to the APOBEC3G solution, the APOBEC3G:DNA ratio being 1:10, and then 1 H one-dimensional and 1 H-
C HSQC spectra were continuously recorded during the time course of the reaction. The spectra were processed and analysed with XWIN-NMR (Bruker), NMRPipe (Delaglio et al, 1995) , Sparky (Goddard and Kneller, 2006) and Kujira (Kobayashi et al, 2007 
Structure determination
In total, 2380 distance constraints (1117 intra-residue, 581 sequential, 311 medium-range and 371 long-range ones) were obtained from three-dimensional Cb and 13 C 0 chemical shifts. Additionally, in the later stage of the calculations, 112 distance constraints for 56 hydrogen bonds were included for slowly exchanging amide protons within the identified secondary structure elements. Also, in the later stage, a Zn 2 þ molecule was involved and constrained with respect to the H257, C288 and C291 residues (Prochnow et al, 2007; Chen et al, 2008) in the structure calculations.
Structure calculations were carried out using distance and dihedral angle constraints (2754 constraints in total) with the simulated annealing protocol supplied with Xplor-NIH v. 2.18 (Schwieters et al, 2003) . A final set of 10 structures was selected from the 200 calculations on the basis of the criteria of the smallest residual energy values. The quality of the structure was evaluated with PROCHECK (Laskowski et al, 1996) . Ramachandran plot analysis of the final structures for residues 221-379 showed that 70.6, 25.7, 3.1 and 0.6% were in the most favourable, additionally allowed, generously allowed and disallowed regions, respectively. Coordinates have been deposited in the Protein Data Bank (PDB) with the accession code 2kbo.
